Abstract. Breast cancer 1, early onset (BRCA1)-interacting protein 1 (BRIP1), a DNA-dependent adenosine triphosphatase and DNA helicase, is required for BRCA-associated DNA damage repair functions, and may be associated with the tumorigenesis and aggressiveness of various cancers. The present study investigated the expression of BRIP1 in normal cervix tissues and cervical carcinoma via reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and immunohistochemistry assays. BRIP1 expression was observed to be reduced in squamous cancer tissue and adenocarcinoma compared with normal cervix tissue, and there were significant correlations between the reduction in BRIP1 expression and unfavorable variables, including the International Federation of Gynecologists and Obstetricians stage and presence of lymph node metastases. In order to elucidate the role of BRIP1 in cervical cancer, a BRIP1 recombinant plasmid was constructed and overexpressed in a cervical cancer cell line (HeLa). The ectopic expression of BRIP1 markedly inhibited the tumorigenic properties of HeLa cells in vitro, as demonstrated by decreased cell growth, invasion and adhesion, and increased cell apoptosis. In addition, it was identified that the inhibitory tumorigenic properties of BRIP1 may be partly attributed to the attenuation of RhoA GTPase activity. The present study provides a novel insight into the essential role of BRIP1 in cervical cancer, and suggests that BRIP1 may be a useful therapeutic target for the treatment of this common malignancy.
Introduction
Cervical cancer is the second most common cancer in women globally, and is a significant cause of morbidity and mortality (1, 2) . According to the US Center for Disease Control and Prevention, there are >11,000 new cases of cervical cancer diagnosed every year in the United States, and ~4,000 people die annually as a result of this disease (3) . Although invasive cervical cancer rates have decreased steadily over recent decades, due to a lack of screening programs, cervical cancer is predominantly detected during advanced stages (ІІB and ІІІB) in developing countries (4) . Approximately half of patients with advanced cervical cancer will develop recurrence or metastases within the initial two years following completion of therapy (5) .
Molecular and epidemiological studies have revealed that human papillomavirus (HPV) infection may be a prerequisite for cervical cancer development, and host genetic variations that control cell division and the maintenance of genome integrity (for example, DNA repair) may determine the risk of an individual developing cervical cancer (6) (7) (8) . In order to reveal a patient's genetic susceptibility to cervical cancer, it is necessary to identify novel molecular markers that are able to predict the development of cervical cancer.
Breast cancer 1, early onset (BRCA1)-interacting protein 1 (BRIP1), which is also known as BRCA1-associated C-terminal helicase 1, and located on chromosome 17q23, is part of the DEAH helicase family. BRIP1 directly interacts with the BRCA1 C terminus domain of BRCA1, and is important in DNA damage repair (9) (10) (11) (12) (13) . The specific interaction between phosphorylated BRIP1 and BRCA1 is regulated by the cell cycle and is crucial for DNA damage-induced checkpoint control during the G2-to-M-phase transition (14, 15) . Given the crucial function of BRIP1 in the regulation of normal cell cycle progression and DNA repair, the BRIP1 gene represents a good candidate for prediction of genetic susceptibility to cancer. Accumulating evidence has suggested that BRIP1 may have an anti-oncogenic role, and downregulation of BRIP1 has been observed in multiple types of cancer (16) (17) (18) (19) .
The aims of the present study were to evaluate the role of BRIP1 in the tumorigenic properties of cervical cancer, and to identify whether the Ras homolog gene family, member A guanosine-5'-triphosphate-ase (RhoA GTPase) has a role in the antitumor effects of BRIP1. Patient and tissue samples. Human cervical carcinoma samples (n=225) were randomly collected from surgical specimens in the Department of Obstetrics and Gynecology, Xijing Hospital (Xi'an, China) between 2012 and 2013. None of the patients had received radiotherapy or chemotherapy prior to surgery. Additionally, normal cervical specimens were obtained from 30 patients with uterine fibroids, who had undergone total hysterectomy at Xijing Hospital. All tissue samples were either immediately frozen in liquid nitrogen for later use in reverse transcription-polymerase chain reaction (RT-PCR) analysis, or fixed in 10% formalin and embedded in paraffin for immunohistochemical analysis. Pathologists at Xijing Hospital verified the diagnoses of the tissue samples. All samples were obtained with written informed consent, and the ethics committee of Xijing Hospital approved the protocol for the present study.
Materials and methods

Reagents
Cell culture. Normal cervix cell lines (End1 and Ect1) and a cervical cancer cell line (HeLa) were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with high glucose (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) at 37˚C in a cell culture incubator with an atmosphere of 5% CO 2 .
RT-qPCR. Total RNA was extracted using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Waltham, MA, USA), and first-strand complementary DNA was reverse transcribed from RNA using the Reverse Transcription System kit (Promega Corp., Madison, WI, USA). RT-qPCR was performed using a LightCycler96 ® (Roche Diagnostics GmbH, Mannheim, Germany). PCR cycling conditions were as follows: 40 cycles at 98˚C for 30 sec, 58˚C for 90 sec, and 72˚C for 30 sec, with a final extension step at 72˚C for 10 min. The messenger RNA (mRNA) expression levels, which were normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH), were calculated and expressed as 2 Immunohistochemistry. Paraffin-embedded tissue sections (8-µm thick) were dewaxed, rehydrated and immersed in methanol containing 0.3% hydrogen peroxide for 30 min in order to block any endogenous peroxidase activity. Subsequently, the slides were incubated at 89˚C in 10 mM sodium citrate buffer (pH 6.0) for 30 min for antigen retrieval. Primary rabbit antihuman BRIP1 polyclonal antibodies (cat. no. HPA005474; Sigma-Aldrich, St. Louis, MO, USA) were diluted to 1:100 and incubated with the tissue sections overnight at 4˚C. The slides were subsequently incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibodies (Nichirei Bioscience Inc., Tokyo, Japan) for 1 h. Finally, the visualization signal was developed by incubation in 3,3'-diaminobenzidine in buffered substrate (Nichirei Bioscience) for 5 min. Cell proliferation assays. HeLa cells were plated into 96-well microplates (Beyotime Institute of Biotechnology, Haimen, China) at a density of 10 3 cells/well. Cell proliferation was evaluated using the Cell Proliferation kit Ι, containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Roche Diagnostics GmbH) and was performed according to the manufacturer's protocol. The absorbance value (A) at 570 nm was measured using a Benchmark microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Transwell migration assays. Transwell migration assays were performed with 6.5-mm diameter cell culture inserts (8-µm pore size; Corning Life Sciences, Corning, NY, USA) in 24-well culture plates. The Transwell inserts were coated with Matrigel (80 µg/well; BD Biosciences, San Jose, CA, USA) for the invasion assays. The cells (5x10 4 /well) were added to the upper chamber in 200 µl of serum-free DMEM high glucose medium with 0.1% bovine serum albumin (Gibco; Thermo Fisher Scientific), and subsequently placed into 24-well plates in DMEM-high glucose medium with 10% FBS. Following 24 h of incubation, non-migrated cells were removed from the upper surface with cotton buds, and the cells that migrated to the lower surface were fixed using cold methanol, stained with crystal violet (Sigma-Aldrich) and counted using light microscopy (Olympus BX53; Olympus Corporation, Tokyo, Japan).
Cell cycle assays. For the cell cycle assays, cells were seeded at a density of 1x10 5 cells into 6-cm tissue culture dishes (Clontech Laboratories, Mountain View, CA, USA) and cells were synchronized at the G1 phase by serum starvation for 12 h. Following 24 h of incubation, cells were washed using cold phosphate-buffered saline (PBS) and fixed with 70% cold alcohol overnight at 4˚C. The fixed cells were collected, washed with PBS and stained using propidium iodide (PI; Sigma-Aldrich) in the presence of RNase (Sigma-Aldrich). Flow cytometric (FCM; FACSCanto™; BD Biosciences) analysis was used to determine cell cycle distribution with the aid of ModFit LT software (Verity Software House, Topsham, ME, USA).
Apoptosis assays. Cell apoptosis was evaluated by FCM using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis kit (Cell Signaling Technology) according to the manufacturer's protocol. Briefly, the cells were washed, resuspended with binding buffer, incubated with Annexin V-FITC and PI buffers for 15 min at 4˚C in the dark and subsequently analyzed using FCM.
Western blot analysis. The cells were lysed on ice with RIPA buffer (Sigma-Aldrich). The protein concentration of the lysed cells was measured using the bicinchoninic acid protein assay reagent (Pierce Biotechnology, Inc., Rockford, IL, USA). Protein extracts (50 µg) were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis at 100 V, transferred onto polyvinylidene fluoride membranes (Invitrogen; Thermo Fisher Scientific) and analyzed by western blotting with monoclonal rabbit anti-human BRIP1 (cat. no. 4578; 1:1,000), cleaved caspase-3 (cat. no. 9661; 1:1,000), B-cell lymphoma 2 (cat. no. 2870; 1:1,000), tubulin (cat. no. 5335; 1:1,000), RhoA-GTP (cat. no. 2461; 1:1,000), RhoA (cat. no. 2117; 1:1,000), Ras-related C3 botulinum toxin substrate 1 (Rac1)-GTP (cat. no. 8815; 1:1,000) and monoclonal mouse anti-human Rac1 (cat. no. 4651; 1:1,000) antibodies (Cell Signaling Technology, Inc). Bands were detected with an enhanced chemiluminescence kit (GE Healthcare Life Sciences, Chalfont, UK) and visualized using the ChemiDoc™ XRS system (Bio-Rad Laboratories, Inc.).
Statistical analysis. The data obtained in the present study was analyzed using the statistical package SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). Data are expressed as the mean ± standard deviation from at least three independent experiments. For values that were normally distributed, a direct comparison between two groups was performed using an unpaired Student's t-test, and one-way analysis of variance with Dunnett's post-hoc test was utilized to compare the means of three or more groups. P<0.05 was considered to indicate a statistically significant difference. 
Results
Expression of BRIP1 in human cervical cancer tissues. In order to investigate the characteristics of BRIP1 expression in normal cervix and cervical cancer tissues, 30 normal cervix tissue samples and 225 cervical cancer samples were analyzed using RT-qPCR. The clinicopathological data from the 255 cervical cancer samples is summarized in Table Ι . Decreased BRIP1 mRNA expression was observed in the cervical cancer patient group. Furthermore, the reduction in BRIP1 expression correlated significantly with unfavorable variables, including the International Federation of Gynecologists and Obstetricians (FIGO) stage and the presence of lymph node metastases. However, no significant differences were observed between the groups when compared according to any other clinicopathological feature, including age, histological type and level of differentiation.
In addition, immunostaining data revealed that the expression of BRIP1 protein was markedly decreased in the cervical cancer samples (squamous cancer and adenocarcinoma) compared with the normal cervix tissue samples (Fig. 1A) . Furthermore, the expression of BRIP1 was detected in normal cervical cell lines (End1 and Ect1) and a cervical cancer cell line (HeLa). In line with these results, HeLa cells exhibited lower BRIP1 mRNA and protein levels compared with End1 and Ect1 cells (P<0.05; Fig. 1B and C) .
Overexpression of BRIP1 inhibits the tumorigenic properties of HeLa cells.
In order to elucidate the role of BRIP1 in cervical cancer, BRIP1 was overexpressed in HeLa cells via transfection with the BRIP1 recombinant plasmid. RT-qPCR and western blot analyses revealed that BRIP1 mRNA and protein levels were markedly elevated following BRIP1 recombinant plasmid 
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transfection, compared with the control groups (P<0.05; Fig. 2A and B) . The MTT proliferation assay results revealed that BRIP1 overexpression significantly suppressed the growth of HeLa cells in a time-dependent manner (P<0.05; Fig. 2C  and D) . Similarly, ectopic expression of BRIP1 attenuated the invasive ability of HeLa cells, led to a reduction in the number of invasive cells (P<0.05; Fig. 2E and F) . Additionally, BRIP1 overexpression in HeLa cells decreased the cell adhesion rate at the indicated time points (20, 40 and 60 min; Table ΙΙ) . Collectively, the results of the present study confirmed that BRIP1 overexpression significantly inhibited the tumorigenic properties of HeLa cells in vitro.
BRIP1 induces apoptosis in HeLa cells.
In order to identify the antitumorigenic mechanism of BRIP1 in cervical cancer, the cell cycle and cell apoptosis were analyzed in HeLa cells following transfection with BRIP1 and control vectors. The results demonstrate that ectopic expression of BRIP1 in HeLa cells did not affect the cell cycle distribution (Fig. 3A) . In addition, the levels of pro-apoptotic proteins (caspase-3 and Bcl-2) were detected in BRIP1-overexpressing HeLa cells. Western blot analysis demonstrated that BRIP1 overexpression upregulated cleaved caspase-3 and downregulated Bcl-2 protein in HeLa cells (Fig. 3B) . Moreover, BRIP1 overexpression in HeLa cells significantly increased the percentage of apoptotic cells Table II . Impact of BRIP1 expression on cell adhesion, n=5. 
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(P<0.05; Fig. 3C and D) . Thus, BRIP1 overexpression-induced cell apoptosis may suppress the growth of HeLa cells.
RhoA GTPases are critical for the antitumor effects of BRIP1 in HeLa cells.
The alteration of Rho GTPase activity in BRIP1-overexpressing HeLa cells was assessed. The western blotting results demonstrated that BRIP1 overexpression was able to significantly reduce the levels of RhoA-GTP in HeLa cells (Fig. 4A) . In order to determine whether the inhibitory tumorigenic properties obtained by BRIP1 overexpression were associated with the activity of RhoA GTPase, BRIP1-overexpressing HeLa cells were treated with the RhoA GTPase agonist LPA, and their tumorigenic properties were then evaluated. As demonstrated in Fig. 4B , the growth of the BRIP1-overexpressing HeLa cells was markedly elevated following LPA treatment (P<0.05). Similar results were observed in the Transwell migration assay (P<0.05; Fig. 4C ). The apoptosis assay revealed that LPA treatment decreased the levels of cleaved caspase-3, increased Bcl-2 protein levels ( Fig. 4D ) and reversed the apoptotic inhibitory effect of BRIP1 overexpression (P<0.05; Fig. 4E ).
Discussion
Cervical cancer remains a significant health problem for women in developing countries (20) . Although there have been significant advances in the diagnosis of cervical cancer over the last decade, cervical cancer has a high mortality rate, as the majority of patients are initially diagnosed in the advanced stages of the disease (4, 21) . The treatment for pre-invasive lesions is typically based on surgery, and for invasive cervical cancers, the treatment consists of surgery and/or radiation and cisplatin-based chemotherapy (22, 23) . However, a large proportion of patients will go on to develop drug resistance during treatment (24) . In-depth investigations concerning the molecular mechanisms of cervical cancer are required to promote the development of novel effective molecular targeted drugs. The BRIP1 gene encodes a helicase that interacts with BRCA1, which is crucial for DNA repair and genomic stability (14) . Studies have suggested that BRIP1 possesses an anti-oncogenic role, and that frequently observed single nucleotide polymorphisms (SNPs) in the BRIP1 gene may be associated with susceptibility to breast, prostate and ovarian cancer (18, 25, 26) . Current evidence has revealed that SNPs in the BRIP1 gene may be capable of influencing cervical cancer susceptibility and that BRIP1 gene variations are potentially implicated in the development and progression of cervical cancer (14, 15) . The results of the present study support the observations made in previous studies, and furthermore, have identified that BRIP1 is downregulated in cervical carcinoma tissue. In addition, significant correlations were observed between the reduction in BRIP1 expression and unfavorable variables, including FIGO stage and presence of lymph node metastases. Functionally, the plasmid-mediated overexpression of BRIP1 inhibited the carcinogenesis of cervical cancer, which suggested that the BRIP1 gene may possess the role of a tumor suppressor in cervical cancer development.
The present study additionally identified that BRIP1 overexpression suppressed RhoA GTPase activity in cervical cancer cells, and that the inhibitory tumorigenic properties obtained as a result of BRIP1 overexpression were significantly reversed by the activation of RhoA GTPase. RhoA GTPase is part of the Ras superfamily of small GTPases, and its activation can induce the assembly of basal stress fibers and cytoskeleton-mediated changes in cell motility (27) . A number of previous studies have supported the role of RhoA GTPase in cell proliferation, adhesion, apoptosis, cell polarity, invasion and metastasis (28) (29) (30) . A previous study provided evidence that RhoA GTPase may be associated with metastasis of cervical cancer and that its functioning is mediated by a mitogen-activated protein kinase/extracellular signal-regulated kinase-dependent mechanism (31, 32) , implying that the involvement of alterations in the activation of RhoA GTPase in events may have a role in cervical cancer carcinogenesis. Overall, BRIP1 suppressed the tumorigenic properties of cervical cancer via the downregulation of RhoA GTPase activity.
In conclusion, the results of the present study may provide some insight into the functioning of BRIP1 in cervical cancer. BRIP1 may act as an essential DEAH helicase that is capable of regulating the tumorigenic properties of cervical cancer by controlling RhoA GTPase. BRIP1 may prove to be a potential tumor suppressor gene in cervical cancer and may assist with uncovering further associations between RhoA GTPase and cervical cancer. BRIP1 may constitute a promising candidate for cervical cancer therapy.
